Objective-We sought to determine the etiologic mechanism of proinflammatory cytokine, interleukin-6 (IL-6), and statin as regulators of synthesis of plasminogen activator inhibitor-1 (PAI-1), the physiological fibrinolysis inhibitor and an acute-phase reactant. Methods and Results-Transient transfection and luciferase assay in HepG2 human hepatoma-derived cells demonstrated that IL-6 increased PAI-1 promoter activity and mevastatin decreased IL-6 -inducible response. Systematic deletion assay of the promoter demonstrated that the region (Ϫ239 to Ϫ210 bp) containing a putative CCAAT/enhancer-binding protein (C/EBP) binding site was necessary. Point mutation in this site abolished the IL-6 -inducible response. Electrophoretic mobility shift assay and chromatin immunoprecipitation assay demonstrated that C/EBP␣, C/EBP␤, and C/EBP␦ were involved in protein-DNA complex formation in intact cells. Deoxyribonuclease (DNase) I footprinting analysis revealed that 5Ј flanking region (Ϫ232 to Ϫ210 bp) is acute-phase response protein-binding site. C/EBP␦ binding activity was increased by IL-6 and attenuated by mevastatin. Mevastatin attenuated IL-6 -mediated increase of C/EBP␦ protein in the nuclear extracts. IL-6 also increased PAI-1 and C/EBP␦ mRNA in mouse primary hepatocytes. Conclusions-IL-6 increases hepatic PAI-1 expression mediated by the Ϫ232to Ϫ210-bp region of the promoter containing a C/EBP␦ binding site. Vascular protection by statins may be partly mediated through regulation of CEBP␦ and consequent modulation of PAI-1 expression. (Arterioscler Thromb Vasc Biol. 2005;25:1078-1084.) 
A therosclerosis is accelerated by acute-phase response, which involves altered hepatic protein synthesis. 1 Plasminogen activator inhibitor-1 (PAI-1), the physiological inhibitor of fibrinolysis, is an acute-phase protein that impairs fibrinolysis. 2 Increased PAI-1 expression is implicated for atherothrombosis. 3 PAI-1 promoter contains transcription factor binding sites responsible for inducible expressions. 4 -9 Increases of acute-phase proteins including PAI-1 are attributable largely to changes in hepatic productions by proinflammatory cytokines. Interleukin-6 (IL-6) is the principal stimulator of most acute-phase proteins. 10 CCAAT/enhancerbinding proteins (C/EBPs) binding motifs are identified in the promoter regions of most acute-phase protein genes. 11 However, no classic inflammatory responsive element was found in the PAI-1 promoter, and it is unclear via which mechanism PAI-1 expression is increased by cytokines.
The 3-hydroxy-3-methylglutaryl coenzyme A reductase inhibitors (statins) exert beneficial effects on coronary diseases beyond cholesterol lowering. 12 Statins decrease PAI-1 expression induced by IL-6 in HepG2 cells, highly differentiated human hepatoma-derived cells used as in vitro models of acute-phase response. 13 Statins can modify fibrinolytic potential of endothelial cells via inhibition of geranylgeranylated Rho protein 14 and act on PAI-1 transcription 12 and inhibit inflammatory transcription factors. 15 The purpose of this study was to elucidate the mechanism of increased PAI-1 production induced by IL-6 and to investigate inhibitory mechanisms of statins on hepatic PAI-1 expression.
Methods

Cell Cultures
HepG2 cells (American Type Culture Collection) were cultured as described previously. 13 When cells reached 80% confluence, they were washed with PBS and incubated in serum-free medium for 24 hours. The medium was replaced with fresh serum-free medium containing 1 ng/mL IL-6 or 10 mol/L mevastatin (Sigma). Hepatocytes were isolated by 2-step collagenase perfusion 16 from male ICR mice (Hokkaido University Laboratory Animal Center). The procedures conformed with institutional animal study guidelines. Primary hepatocytes were cultured in Williams medium E containing 10% FBS, 0.1 mol/L insulin, 1.0 mol/L dexamethasone, and 20 ng/mL epidermal growth factor. Hepatocytes were incubated in serum-free medium 48 hours after plantation and stimulated with IL-6 72 hours after plantation.
Plasmid Constructs
The human PAI-1 promoter region from Ϫ829 to ϩ36 bp was amplified using human genomic DNA as template, with upstream (GGGGTACCCGTTGGTCTCCTGTTTCCTTACCAAGC) and downstream (CCGGCTCGAGGACAGCGCTCTTGGCCCT-GCAGCCA) primers incorporating the restriction sites for KpnI and XhoI. After digestion by KpnI and XhoI, polymerase chain reaction (PCR) product was ligated into luciferase reporter plasmid (pGL3basic; Promega). The produced plasmid was named as PAI (Ϫ829). The same method was used to construct deletion mutant plasmids. The primers were: PAI-1 (Ϫ663) GGGGTACCT GTATCATCG-GAGGCGGCCGGGCACA; PAI-1 (Ϫ539) GGGGTACCCTGTT-GGGCTGGGCCAGGAGGAGG; PAI-1 (Ϫ488) GGGGTACCA-GAGCACCGGGTGGACAGCCCTGGGG; PAI-1 (Ϫ366) GGGGTACCTCCAAGCTGAACACTAGGGGTCCT; PAI-1 (Ϫ308) GGGGTACCAACCTGGCAGGACATCCGGGAGAGAC; PAI-1 (Ϫ239) GGG GTACCAAGGCTATTGGGGTTTGCT-CAATTG; and PAI-1 (Ϫ210) GCGGTACCCCTGAAT GCTCTTACACACGTACA.
Site-directed mutagenesis of putative C/EBP site was performed by overlap-extension PCR strategy (primer GGCTATTGGGGT-GCTTTCGCTTGTTCCTGAATGCTC). 17 Correct assembly was verified by restriction analysis. Mutated regions generated by PCR were sequenced to identify clones without polymerase errors.
Transient Transfections and Luciferase Assay
HepG2 cells were seeded at 8ϫ10 5 /well on 6-well plates. After 24 hours, 1.5 g of PAI-1 promoter Firefly luciferase fusion DNA reporter in pGL3-basic construct was cotransfected with 1 g of Renilla luciferase pRL-TK vector (Promega; for transfection efficiency control) using DNA-calcium phosphate coprecipitation method. Medium was replaced by serum-free medium 6 hours after transfection. Cells were stimulated with IL-6 or mevastatin 24 hours after transfection and harvested 48 hours after transfection. In some experiments, cells were incubated with geranylgeranyl pyrophosphate (GGPP) or farnesyl pyrophosphate (FPP).
Cell lysate luciferase activity was determined using Dual-Luciferase Reporter Assay System (Promega). 9 Results for each reporter construct were expressed as fold induction compared with the results in unstimulated cells transfected with the same reporter. For overexpression experiments, wild-type or mutant PAI (Ϫ829), the pSV-␤-galactosidase construct (Promega; for transfection efficiency control) and C/EBP␣, C/EBP␤, or C/EBP␦ expression vector 18 were cotransfected.
Electrophoretic Mobility Shift Assay
For electrophoretic mobility shift assay (EMSA) of HepG2 cells, probes encompassing putative C/EBP motif and mutant probes were prepared using paired complementary oligonucleotides: PAI-1 C/EBP (AGCTTATTGGGGTTTGCTCAATTGTTCCT); and PAI-1 C/EBP mut (AGCTTATTGGGGTGCTTTCGCTTGTTCCT).
For EMSA of mice hepatocytes, probes encompassing putative C/EBP motif were prepared: mouse PAI-1 C/EBP (TCGAACC-AGGGTTTGCTCAATTATCCCC).
Probes end-labeled with [␣-32 P]dCTP by Klenow fragment of DNA polymerase I (Takara) were purified. The nuclear extracts were prepared using extraction kit (N-XTRACT; Sigma). DNA-binding reactions were performed with 10 g nuclear extracts and 6-fmol/L-labeled probe for 15 minutes. In inhibition experiments, cold competitor probe was added at 100-fold molar excess. For EMSA supershift analysis, antibodies (Santa Cruz Biotechnology) against C/EBP␣ (sc-61X), C/EBP␤ (sc-150X), and C/EBP␦ (sc-636X) were incubated with nuclear extracts for 10 minutes before addition of the probes. DNA-protein complexes were resolved by 6% polyacrylamide gel and autoradiography was performed. Images were analyzed by densitometry (ImageJ software; NIH).
DNase I Footprinting Analysis
A fragment (Ϫ272 to Ϫ159 bp) of PAI-1 promoter for probe preparation was amplified using primers (upstream: CGTACACA-CACAGAGCAGCA; downstream: CTCTGGGAGTCCGTCT-GAAC) and ligated into T-easy vector (Promega) and restricted by SphI and SalI. The probe was prepared by filling in the 5Ј-overhang end of the fragment using Klenow DNA polymerase I (Takara) and [␣-32 P]dCTP. Nuclear extracts were incubated for 15 minutes at room temperature after adding 32 P-labeled probe with the same condition as that of EMSA, and then treated with DNase I (Takara) for 1.5 minutes. After proteinase K treatment, DNA was extracted and analyzed on 6% polyacrylamide gels containing 8 mol/L urea. Adenine and guanine bases of the same probes were modified and digested by Maxam-Gilbert method and loaded as a marker.
RNA Isolation and RT-PCR
Total RNA was extracted using Isogen (Wako). RNA was reversetranscribed and standard PCR was performed using RNA PCR Kit (AMV; Takara). The following PCR primers were used: for human C/EBP␦, upstream (GACTCAGCAACGACCCATACC) and downstream (TGCTCAGTCTTTTCCTCTTAT) primers, and for human ␤-actin, upstream (CTGTCTGGCGGCACCACCAT) and downstream (GCAACTAAGTCATAGTCCGC) primers. PCR products with expected length of 317 and 254 bp were electrophoresed in agarose and visualized by ethidium bromide. Mouse PAI-1 and C/EBP␦ mRNA were determined by quantitative real-time RT-PCR using SYBR Green I kit (Takara) and PRISM 7000 (Applied Biosystems) according to manufacturer instructions. The following PCR primers were used: for mouse PAI-1, upstream (GACACCCT-CAGCATGTTCATC) and downstream (AGGGTTGCACTAAA-CATGTCAG) primers, for mouse C/EBP␦, upstream (CTCCCGCA-CACAACATACTG) and downstream (CTTCGGCAACCACC-TAAAAG) primers, and for mouse ␤-actin, upstream (TGCGTGA-CATCAAAGAGAAG) and downstream (GATGCCACAGGATTC-CATA) primers. After PCR, melting curve was constructed to ensure elimination of nonspecific products. The amount of mRNA was determined by comparing with the standard curve generated from serial dilutions of T-vector containing cDNA of the gene.
Western Blot Analysis of C/EBP␦
Immunologic detection of C/EBP␦ with rabbit polyclonal C/EBP␦ antibody (sc-636; Santa Cruz Biotechnology; 1:500 dilution) was performed as described previously. 13 In brief, 20-g extracts were loaded on 8% polyacrylamide gel, electrophoresed, and transferred to polyvinylidene difluoride membranes, which were blocked with Tween-Tris-buffered salt solution (TTBS) containing 5% skim milk. Membranes were incubated overnight at 4°C with rabbit polyclonal C/EBP␦ antibody. After washing 3ϫ with TTBS, membranes were incubated with anti-rabbit IgG-AP (Santa Cruz Biotechnology) for 1hour at room temperature. Immunologic detection was performed with a ProtoBlot AP System (Promega). Images were analyzed in a densitometer. Antihistone H1 antibody (Santa Cruz Biotechnology) was used to confirm equal sample loading.
Chromatin Immunoprecipitation Assays
Chromatin immunoprecipitation (ChIP) assay was performed according to manufacturer instructions (Upstate Cell Signaling Solutions). Cells were cross-linked with 1% formaldehyde for 10 minutes at 37°C. After washing with ice-cold PBS, cells were lysed for 10 minutes (6ϫ10 6 cells/300 L of sodium dodecyl sulfate [SDS] lysis buffer). The chromatin was sheared by sonication to reduce DNA length between 200 bp and 1000 bp and was precleared with salmon sperm DNA/protein A agarose-50% slurry. Antibodies against C/EBP␣ (sc-61), C/EBP␤ (sc-150), C/EBP␦ (sc-636), or preimmune serum were added with chromatin samples. Samples were incubated overnight at 4°C. Immune complexes were collected with salmon sperm DNA/protein A agarose, washed, and eluted. Cross-linking was reversed at 65°C and digested with proteinase K. DNA was purified and extracted with phenol-chloroform, precipitated with ethanol, dissolved in Tris-EDTA, and used for PCR using upstream (AGGCAAACGTGAGCTGTTTT) and downstream (CTCTGG-GAGTCCGTCTGAAC) primers. PCR product spanning from Ϫ391 to Ϫ86 bp of PAI-1 promoter was generated. PCR products were electrophoresed in agarose gel and visualized by ethidium bromide.
Statistical Analysis
All experiments were conducted in duplicate with independent separate cultures (nϭnumber of independent experiments). Data are expressed as meanϮSD. Statistical comparison of control with treated groups was carried by Student's t test. The accepted level of significance was PϽ0.05.
Results
Effects of IL-6 and Mapping of IL-6 -Responsive Element in PAI-1 Promoter
The effect of IL-6 on PAI-1 promoter activity was studied using the transient transfections and luciferase assay. IL-6 increased PAI-1 promoter activity by 2.4Ϯ0.2-fold over control ( Figure 1A) . To localize the regulatory elements responsible for the induction of PAI-1 transcriptional activity by IL-6, HepG2 cells were transfected with 7 luciferase reporter vectors containing different deletion length of the PAI-1 promoter regions. An effective decrease of PAI-1 promoter activity induced by IL-6 was not observed until up to Ϫ239 bp. The deletion of the region from Ϫ239 to Ϫ210 bp resulted in a significant decrease of IL-6 -inducible PAI-1 promoter activity by 85Ϯ9%.
Effects of Mevastatin on PAI-1 Promoter Activity
Mevastatin decreased IL-6 -inducible PAI-1 promoter activity by 50Ϯ6% ( Figure 1B) . To test whether the inhibitory effects are mediated by protein isoprenylation, mevastatin effect was evaluated in the presence of GGPP or FPP. When acting alone, neither GGPP nor FPP modified promoter activity. GGPP attenuated the mevastatin-mediated reduction of promoter activity. FPP exerted no effects, suggesting that geranylgeranylation can be involved in mevastatin-mediated reduction of promoter activity induced by IL-6. Based on a computer-based transcription factor database analysis, the region from Ϫ239 to Ϫ210 bp contained a putative C/EBP binding site. The site-directed mutagenesis analysis of this site indicated that basal activity of PAI-1 promoter was reduced and IL-6 -inducible promoter activity was essentially abolished ( Figure 1C ). Mevastatin did not alter baseline or IL-6 -induced promoter activity in mutants. The results demonstrated that the region from Ϫ239 to Ϫ210 bp is critical and necessary for stimulatory effect of IL-6.
Verification of the Putative C/EBP Site of PAI-1 Promoter
To verify the existence of putative C/EBP site in PAI-1 promoter, EMSA, using HepG2 nuclear extract and a fragment of PAI-1 promoter (Ϫ233 to Ϫ207 bp), was performed ( Figure 2A ). Three complex bands were detected (lane 2). Competition experiments indicated that the complex bands were competed out exclusively by adding excess unlabeled probe containing the putative C/EBP site (lane 3). No competition occurred when excess unlabeled probe with mutations in the putative C/EBP site was added (lane 4). The complex bands were competed out also by adding the probe containing the C/EBP consensus sequence (TGCAGATT-GCGCAATCTGCA; lane 5). The results indicated that the binding reaction of nuclear proteins with the probe was specific and the probe contained a C/EBP binding site. DNA-protein complexes were characterized further with antibodies against 3 major members of the C/EBP family: C/EBP␣ (lane 6), C/EBP␤ (lane 7), and C/EBP␦ (lane 8). Complex 1 band was supershifted by antibodies against C/EBP␣ and C/EBP␤. Complex 2 band was supershifted by antibodies against C/EBP␤ and C/EBP␦. Complex 3 band was supershifted by antibody against C/EBP␤. The results indicated that C/EBP␣, C/EBP␤, and C/EBP␦ were all involved in DNA-protein complex formation. 
Identification of the C/EBP Binding Site in PAI-1 Promoter
To confirm the C/EBP binding sequence on the promoter DNase I footprinting analysis was performed using a fragment of the PAI-1 5Ј-flanking region spanning from Ϫ272 to Ϫ159 bp containing C/EBP binding site and using nuclear extracts. With the increased dose of nuclear proteins, a footprinting region (Ϫ232 to Ϫ210 bp; 5Ј-TATTGGGGTTT-GCTCAATTGTTC-3Ј) corresponding to the putative C/EBP binding site was observed ( Figure 2B ). The result indicated that PAI-1 5Ј-flanking region from Ϫ232 to Ϫ210 bp is a protein-binding site. The result, together with the EMSA results, gave further evidence that the region contained a C/EBP binding site.
Effects of Overexpression of C/EBP Transcription Factors on PAI-1 Promoter Activity
To further define the role of C/EBP family members in modulating PAI-1 gene transcription, C/EBP expression vectors for ␣, ␤, and ␦ were transiently cotransfected with the PAI (Ϫ829). Overexpression of C/EBP␤ and C/EBP␦ increased PAI-1 promoter activity by 7.6Ϯ0.3-fold and 2.8Ϯ0.2-fold, respectively ( Figure 3) . In contrast, overexpression of C/EBP␣ significantly decreased promoter activity by 33Ϯ4%. Mutation of the identified C/EBP binding site of PAI-1 promoter essentially abolished C/EBP-induced increase of promoter activity. The results indicated that C/EBP binding site is essential for PAI-1 promoter regulation, where the C/EBP␤ and C/EBP␦ enhanced and C/EBP␣ decreased the promoter activity.
Critical Role of C/EBP␦ on IL-6 Response in PAI-1 Promoter and Its Attenuation by Mevastatin
To verify whether IL-6 response in PAI-1 promoter is mediated by C/EBP and which member of C/EBP family is involved in the response, the IL-6 -induced C/EBP binding activity and the effects of mevastatin were determined by EMSA using antibodies against C/EBP␣, C/EBP␤, and C/EBP␦. Without antibodies, 3 complex bands were detected ( Figure 4A ). Complex 2 including C/EBP␦ was increased by IL-6 and mevastatin attenuated the IL-6 effects. When antibody against C/EBP␣ was used, supershift band was decreased slightly by 4 hours of treatment of IL-6, and mevastatin had no effect ( Figure 4B ). When antibody against C/EBP␤ was used, supershift band was not significantly changed ( Figure 4C) . In contrast to C/EBP␣ and C/EBP␤, C/EBP␦ binding activity was increased by 2 hours after stimulation with IL-6 and was consistently elevated until 12 hours (PϽ0.01; Figure 4D and 4E). Mevastatin attenuated the response 4 hours after treatment and the effect continued for 12 hours (PϽ0.01; Figure 4D and 4E). No significant change of the C/EBP␦ binding activities was noted in unstimulated cells.
Effects of IL-6 and Mevastatin on C/EBP␦ mRNA and Protein in Nuclear Extracts
To determine the effects of mevastatin on the levels of C/EBP␦ mRNA, total RNA was isolated from HepG2 cells treated with IL-6 or mevastatin for 4 hours and RT-PCR was . Either wild-type or mutant vector (1.5 g) was transiently cotransfected to HepG2 cells with pSV-␤galactosidase (1 g; for transfection efficiency control) and expression vector (0.5 g) for C/EBP␣, C/EBP␤, or C/EBP␦. After 48 hours, cells were harvested and luciferase and ␤-galactosidase activities were measured. Luciferase activities were normalized using wild-type control that was not cotransfected with C/EBP expression vectors. Values are meansϮSD (nϭ3) of fold increase over ␤-galactosidase control.
performed. C/EBP␦ mRNA was increased by IL-6 and mevastatin decreased the IL-6 response ( Figure 5A ). To determine the effects of IL-6 and mevastatin on the levels of C/EBP␦ protein, Western blot analysis was performed in nuclear extracts. C/EBP␦ protein accumulation was detected in cells treated with IL-6 or mevastatin for 4 hours. C/EBP␦ protein was increased by IL-6. Mevastatin (5 and 10 mol/L) significantly decreased C/EBP␦ protein induced by IL-6 ( Figure 5B ). Mevastatin alone did not affect C/EBP␦ protein accumulation. Histone H1 levels were not altered.
The IL-6 -Responsive Binding of C/EBP␦ to the C/EBP Binding Site in PAI-1 Promoter in Intact Cells
To determine whether C/EBP isoforms are bound to PAI-1 promoter in native chromatin in intact cells, ChIP assays were performed on chromatin obtained from HepG2 cells ( Figure 6 ). When PCRs were run on immunoprecipitates generated using antibodies to C/EBP␣, C/EBP␤, and C/EBP␦ under natural condition, the clear product bands were detected for immunoprecipitates using antibodies to C/EBP␣ and C/EBP␤ ( Figure  6A) . In contrast, when IL-6 -treated cells were used, the clear product bands were detected for immunoprecipitates using antibodies to C/EBP␤ and C/EBP␦ ( Figure 6B ). The results indicated that C/EBP␦ is involved in the binding to the C/EBP site in PAI-1 promoter in intact cells under IL-6 stimulation. 
Effects of IL-6 on C/EBP␦ and PAI-1 mRNA in Primary Hepatocytes
To determine whether IL-6 can modulate PAI-1 expression in liver, hepatocytes isolated from mice were stimulated with IL-6. Total RNA and nuclear extracts were collected at 4 hours. Real-time PCR analysis showed that PAI-1 mRNA was increased by 2.2Ϯ0.4-fold and C/EBP␦ mRNA was increased by 4.6Ϯ0.2 by IL-6 ( Figure 6C ). To verify whether IL-6 response in PAI-1 promoter is mediated by C/EBP␦, the IL-6 -induced C/EBP binding activity was determined by EMSA using antibody against C/EBP␦. C/EBP␦ binding activity was increased by IL-6 in primary hepatocytes ( Figure 6D ) in a manner similar to the results obtained in HepG2 cells.
Discussion
IL-6 induces PAI-1 mRNA and protein accumulation. 13, 19 Although several transcription factor binding sites were identified in PAI-1 promoter, no classic inflammatory response element was found. Because promoter activity was increased by IL-6, the IL-6 -responsive region was explored. The deletion and site mutation of the region from Ϫ239 to Ϫ210 bp decreased Ͼ80% of the IL-6 -inducible promoter activity, indicating that the region is critical for response. A computer-based database analysis indicated there is a putative C/EBP binding site (Ϫ226 to Ϫ212 bp). The promoters of most IL-6 -inducible acute-phase protein genes have been characterized with C/EBP binding motifs. 11 Using competition experiments, EMSA supershift analysis, and DNase I footprinting analysis, a C/EBP motif on PAI-1 promoter was verified, and 3 members of C/EBP family including ␣, ␤, and ␦ were involved in the DNA-protein complex formation. C/EBP␤ was involved in the formation of 3 complexes because single-copy C/EBP␤ gene encodes several isoforms that have truncated translation activation domains by alternative splicing or alternative promoters. 20 The C/EBP family is a class of basic region/leucine zipper transcriptional factors that recognize the consensus DNAbinding sequence (5Ј-ATTGCGCAAT-3Ј) as obligate dimers. Six different family members were characterized, all of which contain highly homologous dimerization domains and DNAbinding motifs. 11,21 C/EBP␦ is undetectable under normal condition and rapidly inducible by proinflammatory cytokines, suggesting the importance of C/EBP␦ in regulating transcription of acute-phase protein genes. 11, 21, 22 Only a weak C/EBP␦ band was detected at baseline, indicating that unstimulated cells were possibly under mild stress. EMSA experiments detected that the binding activity of C/EBP␦, but not C/EBP␣ or C/EBP␤, was increased by IL-6, demonstrating that C/EBP␦ is critical for increased PAI-1 transcription. IL-6 increased C/EBP␦ mRNA and protein consistent with the previous report. 23 Because C/EBP family binds to similar DNA-binding motifs, elucidating conditions for transcription factor binding to promoters of interest has been difficult in intact cells. 24 In this study, ChIP revealed that C/EBP polypeptides are involved in binding to the C/EBP site of PAI-1 promoter in heterodimeric forms in live HepG2 cells. C/EBP polypeptides bound consisted mainly of C/EBP␣ and C/EBP␤ under natural condition and of C/EBP␤ and C/EBP␦ under IL-6 stimulation. PAI-1 promoter activity was decreased by C/EBP␣ overexpression and increased by C/EBP␦ overexpression. These results suggest that PAI-1 promoter activity is increased when C/EBP␣ is replaced with C/EBP␦ on IL-6 stimulation. Functional differences of various C/EBP isoforms on PAI-1 gene expression need further investigation. PAI-1 and C/EBP␦ mRNA levels were increased by IL-6 in primary mouse hepatocytes. C/EBP␦ binding activity was also increased by IL-6. These results collectively suggest that IL-6 can increase PAI-1 expression at least partly through C/EBP␦ in liver. The 2 supershifted C/EBP␦ bands may be attributable to difference of translation initiation on the same C/EBP␦ mRNA in a similar manner with C/EBP␤. The 4G/5G polymorphism of the PAI-1 gene may alter PAI-1 expression. 25 In this study, 4G/4G polymorphism of PAI-1 promoter construct was used. However, when 5G/5G mutant of PAI-1 promoter was used, no changes in basal or IL-6 -inducible activity were found (data not shown), suggesting that this polymorphism may not interact with C/EBPmediated response through C/EBP motif. IL-6 mediates activation of Stat3 and Ras pathway, leading to C/EBP␤ phosphorylation and activation, which triggers induction of acute-phase response genes. Activated Stat3 also induces transcription of C/EBP␤ and C/EBP␦ genes. 26 Newly synthesized C/EBPs bind in different combination to the promoter of acute-phase response gene, either functionally replacing other factors or synergizing with them depending on promoter composition and duration of stimulus, thus maintaining the induced state. In contrast to C/EBP␤, C/EBP␦-dependent activation of target acute-phase response genes is secondary to transcriptional activation of its gene. 11 After Stat3 in IL-6 pathway is activated, Stat3 may induce C/EBP␦ gene transcription, not C/EBP␤, and C/EBP␦ protein may accumulate. Then, C/EBP␦ can bind to the PAI-1 inflammatory responsive element and increase mRNA and protein. This model is consistent with that of other acutephase response genes, suggesting that C/EBP␦ may play crucial roles in acute-phase response.
Mevastatin at the dose without cytotoxicity 13 attenuated PAI-1 promoter activity induced by IL-6 and decreased the binding activity of C/EBP␦ to the IL-6 -responsive element. Mevastatin also decreased IL-6 -induced accumulation of C/EBP␦ mRNA and protein. Because C/EBP␦ increases transcription of inflammatory cytokines and acute-phase proteins, 22 mevastatin may negatively regulate C/EBP␦, hence ameliorating vascular inflammation. Exogenous mevalonic acid can reverse mevastatin-mediated reduction of PAI-1 production inducted by IL-6. 13 Pleiotropic effects of statins are mediated by blocking FPP or GGPP, which serve as lipid attachments for intracellular signaling molecules. 27 Because GGPP attenuated mevastatin-mediated reduction of PAI-1 promoter activity, small GTP-binding protein of Ras or Stat signaling pathway may be a critical target for mevastatin.
Inflammation plays important roles in atherogenesis. PAI-1 induction by IL-6 may be pivotal for atherothrombosis, and statins may provide cardiovascular protection in part by regulation of C/EBP␦ and consequent downstream modulation of PAI-1 expression. These data provide principles for therapeutic targeting of pathways central to facilitations of atherothrombosis.
